Li 2 MnO 3 with a S=3/2 two-dimensional Mn honeycomb lattice has a Neel-type antiferromagnetic transition at T N =36 K with a broad maximum in the magnetic susceptibility at T M =48 K. We have investigated site percolation effects by replacing Mn with nonmagnetic Ti, and completed a full phase diagram of Li 2 Mn 1-x Ti x O 3 solid solution systems to find that the antiferromagnetic transition is suppressed continuously without a clear sign of changes in the Neel-type antiferromagnetic structure. The magnetic ordering eventually disappears at a critical concentration of x c =0.7. This experimental observation is consistent with percolation theories for a honeycomb lattice when one considers up to 3 rd nearest-neighbor interactions. This study highlights the importance of interaction beyond nearest neighbors even for Mn element with relative localized 3d electrons in the honeycomb lattice.
Introduction
Over the past few years, there has been growing interest in the honeycomb lattice, where each site has only three nearest neighbors, the smallest number possible for regular two dimensional systems. For example, honeycomb lattices consisting of magnetic ions have been considered in the context of the Kitaev model [1] , where frustrated, directional anisotropic nearest neighbor interactions yield a spin liquid ground state. Quasiparticles produced in such systems are proposed as a candidate for quantum computing. This model was subsequently further developed for cases with a strong spin-orbit coupling and extended to include a Heisenberg term, i.e. a Kitaev-Heisenberg model, with rich ground states theoretically predicted [2] . A 2 TMO 3 (A=Li and Na, TM=3d, 4d and 5d transition metal elements) forms in one of the three crystal structures (P2 1 /m, C2/m, and C2/c) with TM forming a honeycomb lattice, which is then sandwiched by LiO 6 layers [3] . Here, we have a flexibility in the material design of controlling spin value S, bandwidth W and coulomb interaction U by varying TM elements from 3d to 5d electrons with different degrees of localization and spin-orbit coupling (SOC). Because of the edge-sharing TMO 6 octahedra arrangement, d-d direct exchange and TM-O-TM 90˚ super-exchange produce antiferromagnetic and ferromagnetic interactions, respectively, which then compete with one another [4] . , while Li 2 RhO 3 and Na 2 IrO 3 are reported to exhibit threedimensional variable-range-hoping behavior [5, 6] . We estimated a gap energy Δ of Li 2 MnO 3 to be about 600~700 meV, as compared with Δ=78 meV for Li 2 RhO 3 and Δ=340~400 meV for Na 2 IrO 3 [3, 5, 7, 8] . Resistivity measured on a single crystal Li 2 MnO 3 sample is strongly anisotropic so that the out-of-plane resistivity is 10 times larger than the in-plane resistivity [3] .
Since Mn has a smaller SOC value than its counterparts of 4d and 5d elements, Li 2 MnO 3 is close to a classical Néel-type antiferromagnet in the Kitaev-Heisenberg model [2, 9] . Thus it may not be surprising that Li 2 MnO 3 undergoes an antiferromagnetic ordering at T N =36 K after a broad maximum in the magnetic susceptibility with a peak at T M =48 K. At the same time, heat capacity measurement shows a long tail above the transition temperature, and as much as 35% of the total magnetic entropy is released above T N . Some of the unusual heat capacity behavior is believed to arise from the two-dimensional nature of the honeycomb lattice. Our previous neutron diffraction studies of Li 2 MnO 3 also showed that the Mn spins order in a Néel-type antiferromagnetic structure with Mn spins aligned perpendicular to the ab plane [3] . It is interesting to note that In order to better understand the physical properties of A 2 TMO 3 in general and those of Li 2 MnO 3 more specifically, it is important for us to know how the magnetic phase transition evolves upon doping. Traditionally, doping experiment and so studies of percolation effects have played an important role in improving our understanding of the generic behavior of magnetic materials [12] . Furthermore, we note that there have been relatively few experimental studies of the percolation effects on systems [13] [14] [15] with a honeycomb lattice, less still a complete phase diagram of doping experiments covering an entire phase diagram from one magnetic end compound to another nonmagnetic end compound.
In this paper, we investigated the structural and magnetic properties of [16] . Because of the similar crystal structures of both end compounds, although not exactly the same, we can follow the doping dependence of the magnetic transition over almost the entire composition range except for a small window of a miscibility gap. The critical concentration of x c =0.7, where the magnetic transition disappears altogether, shows good agreement with theoretical studies, and our studies provide a rare opportunity of full experimental percolation studies on a honeycomb lattice. We checked the quality and crystal structure of all our samples by using XRD (MiniFlex Ⅱ, Rigaku) and EPMA (JXA-8900R, JEOL). We used two commercial set-ups to measure the magnetization from 1.8 to 300 K: for single crystals a SQUID magnetometer (MPMS-5XL, Quantum Design) with magnetic field 30 Oe applied along the out-of-plane and in-plane directions of the honeycomb lattice; for powder samples a VSM magnetometer (PPMS-14, Quantum Design) with applied magnetic field of 30 Oe. We also conducted powder neutron diffraction studies of 
Experimental details

Results and analysis
Li 2 MnO 3 (C2/m) and Li 2 TiO 3 (C2/c) form in the honeycomb lattice with their respective crystal structure as shown in Fig. 1 . Each Mn and Ti elements sit at the center of the oxygen octahedron that shares the edges with the neighboring octahedra. In both structures, the honeycomb lattices of Mn/Ti are sandwiched by the LiO 6 layers. For the C2/m crystal structure, the two-dimensional honeycomb lattices are stacked along the c-axis after being shifted horizontally along the a-axis. On the other hand, the two-dimensional honeycomb lattices are stacked along the c-axis for the C2/c crystal structure, but shifted horizontally along both a and b-axes. Because of the similarity of the two end structures, we can dope the TM site rather easily with a very narrow miscibility gap. One passing note on the sintering temperature: Li 2 MnO 3 synthesized below 800 ℃ lower than our optimum conditions showed a broad background at 2θ=20~30˚, which is indicative of Li and Mn disorder in the honeycomb lattice as well as stacking faults along the c-axis [18, 19] . As one can see in Fig. 2 , all our samples show a rather flat background in the 2θ range of interest attesting the good crystallinity of all our samples. With increasing Ti composition, there are continuous shifts in the peak position of all Bragg peaks with the C2/m crystal structure until it reaches x=0.64. Then there is a narrow miscibility gap with the C2/m and C2/c structures coexisting in the regions of x=0.68~0.75. For x > 0.75, the system adopts the C2/c structure of Li 2 TiO 3 . For example, we marked the C2/c superlattice peaks in the data for x=0.8 by asterisks in the figures. As the C2/c structure has a twice larger formula per unit than the C2/m structure, we have divided the unit cell of the C2/c structure by a factor 2 to compare it with that of the C2/m structure in Fig. 6 . It is clear in the figure that the unit cell volume of Li 2 Mn 1-x Ti x O 3 follows the Vegard's law (dashed line) rather well. Our XRD data confirm that Li 2 Mn 1-x Ti x O 3 is an ideal system to study a percolation problem for a honeycomb lattice with a wide solid solution region.
Using both polycrystals and single crystals, we studied how the magnetic susceptibility evolves upon doping nonmagnetic Ti at the Mn site as shown in Fig. 3 . We measured both out-of-plane ( OP  ) and in-plane magnetic susceptibility ( IP  ) of single crystals with magnetic field 30 Oe applied perpendicular and parallel to the honeycomb plane as shown in the main body of Fig. 3 . We also plotted data for four representative powder samples in the inset for better clarity although we measured all the power samples: the summary of the data is given in the bottom figure of Fig. 3 and Fig. 6 . The single crystal data show that the magnetic easy axis is still along the c*-axis or perpendicular to the honeycomb lattice for all three samples. It is also noticeable that the broad maximum becomes almost absent from the magnetic susceptibility data for x=0.26. We note that similar suppression of a broad maximum in the susceptibility was also reported in Mn p Zn 1-p PS 3 [13] and K 2 Mn p Mg 1-p F 4 [20] .
Using the temperature dependence of the magnetization data measured up to 300 K, we estimated Curie-Weiss temperature θ CW for all our samples over a temperature range from 100 to 300 K: the inset in Fig. 3 shows the 1/ vs T plot for x=0.64, where the Curie-Weiss fitting is valid over a much larger temperature range. When we combine all our data collected on single crystals as well as powder samples, a clear pattern emerges that the Curie-Weiss temperature θ CW is continuously reduced with Ti doping and even change its sign at around x=0.8, indicating that the dominant magnetic interaction changes from antiferromagnetic for x < 0.8 to ferromagnetic for x > 0.8 (see the bottom figure of Fig. 3 ). Interestingly, this sign change occurs at the critical composition of x c =0.7 where the crystal structure change from C2/m to C2/c. The gradual decrease of the Curie-Weiss temperature with Ti doping is most likely to be due to the fact that there is a smaller number of neighboring Mn moments for doped materials as compared to Li 2 MnO 3 . However, it is rather unexpected to see the change in the sign of θ CW when it changes its crystal structure from one honeycomb structure to another. The sign change in θ CW can be natrually understood in a way that the exchange paths mediating the magnetic interaction in the C2/c structure is different from that in the C2/m structure because of the different stacking along the c-axis as we discussed in the introduction. It is an interesting manifestation of the two different stacking on the magnetic properties of the honeycomb lattice: similar effects of different stacking attracted considerable interest in graphene [21] .
In order to study whether the magnetic structure of Li 2 MnO 3 changes with Ti doping, we carried out neutron diffraction studies and present representative data in Fig. 4 for three samples x=0, 0.25 and 0.5 with the summary given in Table 1 . It is clear even in the raw data that the position of the magnetic Bragg peaks appears almost unchanged with doping apart from weaker intensity seen in the data for the doped samples. Indeed, our Rietveld analysis shows that the magnetic peaks of the two doped samples can be well explained by a Γ2u magnetic structure model, which we found previously for Li 2 MnO 3 with a magnetic propagating vector k m =(0 0 0.5) [3] . In this magnetic structure, Mn moments are aligned antiferromagnetically within the same honeycomb lattices and they are also antiferromagnetically coupled along the c-axis with a magnetic propagating vector of k m =(0 0 0.5). The temperature dependence of the perpendicular (OP) and parallel (IP) spin components to the ab-plane are shown in using =0.28. We caution here that the critical exponent  value we used is only intended to serve as a fitting parameter: a more detailed examination of the critical exponent was carried out in our previous studies of single crystal Li 2 MnO 3 [3] . We note that our powder neutron diffraction data are also consistent with the magnetic easy-axis obtained from the magnetic susceptibility measurement of single crystals as shown in Fig. 3 . We would like to comment that the C x magnetic model with moments aligned along the aaxis proposed in Ref. 22 is at variance with all our data. It is also interesting to note that in another honeycomb lattice of Mn p Zn 1-p PS 3 the magnetic structure was reported to change its spin direction by nonmagnetic Zn doping [13] . We summarize the magnetic data in the full phase diagram of Fig. 6 .
Discussion and Summary
The honeycomb lattice has two sub-lattices, so it is not geometrically frustrated if only nearest-neighbor interaction J 1 is considered. However, when more extended interactions are taken into account up to 3 rd nearest-neighbor interaction J 3 , recent theories suggest that various magnetic ground states should be realized for a honeycomb lattice: i.e. classical Néel type ordering, stripy, zigzag, and spiral magnetic ordering [9] .
For Li 2 MnO 3 , every MnO 6 octahedron shares their edge with neighboring octahedra and two oxygen atoms are located off the Mn-Mn plane. This geometrical arrangement allows Mn and Mn orbitals to directly overlap with each other unlike in the usual case of localized Mn 3d orbtials in perovskites, and thus gives rise to antiferromagnetic d-d direct exchange interaction while Mn-O-Mn 90˚ super-exchange gives ferromagnetic interactions. That the magnetic structure of the Γ 2u representation has spins aligned antiferromagnetically on the honeycomb lattice suggests that the d-d direct exchange interaction is relatively stronger than the Mn-O-Mn 90˚ super-exchange interaction. The fact that the Γ 2u magnetic structure survives all the way to the critical composition implies that this hierarchy of energy scales appears to be unchanged with Ti doping. This can be then taken as a sign that even for materials like Li 2 MnO 3 with supposedly localized 3d orbital exchange interactions beyond nearest-neighbor interaction are important. On the other hand, Ti doping reduces the overlap of Mn d orbitals above the critical composition, causing the Curie-Weiss temperature θ CW to change its sign from negative to positive near x=0. 8 (NO 3 ). Our latest analysis based on a mean-field model of high-field data [23] suggests that the J 2 /J 1 ratio is significantly reduced to 0.025 for Li 2 MnO 3 . Thus it is an intriguing question how the small difference in the Mn-Mn distances leads to such a large change in J 2 /J 1 for the two samples.
Passing comment on the estimation of the Curie-Weiss temperature: One can think of effects of isolated Mn free spins in doped magnetic systems like ours, when estimating the CurieWeiss temperature as done in Ba 3 NiSb 2 O 9 [24] . However, there are three considerations we made against the idea. First, as we have demonstrated above exchange interaction beyond simple nearest-neighbors are found to be very important for Li 2 MnO 3 . In such a circumstance, it is not trivial to determine the sole contribution to the measured magnetization data due to isolated free Mn spins. Second, there is no low-temperature big increase in the magnetization data as seen in Ba 3 NiSb 2 O 9 , which was considered as a sign of such free isolated spin for the latter. Third, that the Curie-Weiss temperature changes its sign for x>0.7 and becomes positive seems to be at variance with the idea of free isolated spins, which otherwise would dominate the magnetic signals for such dilute regime.
Let us now discuss the doping dependence of the transition temperature. Percolation theories for the honeycomb lattice (d=2, z=3) with only nearest neighbor interaction J 1 predict a percolation threshold p c =0.7 of magnetic contents or x c (=1-p c )=0.3 of impurity doping as denoted by hc1 in Fig. 6 . This critical threshold (p c ) becomes smaller by including farther interactions: p c~0 .38 or x c =0.62 for a J 1 -J 2 model (d=2, z=9) and p c =0.3 or x c =0.7 for a J 1 -J 2 -J 3 model (d=2, z=z 1 +z 2 +z 3 =3+6+3=12) denoted by hc1,2,3 in Fig. 6 [12] . The fact that we can trace the antiferromagnetic ordering down to 2 K for x=0.64 indicates that Li 2 (Mn,Ti)O 3 is more consistent with the J 1 -J 2 -J 3 model. Here we would like to comment that the previous studies on Mn 1-x Zn x PS 3 [13] and Ba(Ni 1-x Mg x ) 2 V 2 O 8 [14] with a honeycomb lattice were carried out over a limited x-range up to x=0.45 and x=0.15, respectively. Given the situations, our studies of Li 2 (Mn,Ti)O 3 therefore provide a rare opportunity where one can make a direct comparison with the theoretical predictions on the honeycomb lattice over the whole doping range even without changes in the magnetic structure.
In order to make our comparison more relevant, we adopted a mean field result for the nonmagnetic impurity dependence of magnetic transition as below [15] :
where p(=1-x) is magnetic content, T N (p) is the transition temperature for a given p, and m(p) is magnetic moments at zero temperature for a given p. Using the experimental data on the ordered moment obtained from the powder neutron diffraction results in Fig. 5 , we fitted the data with an empirical formula: m( ) = m 0 ( − ) α , to obtain that our data can be explained well by the following parameters: p c =0.3, 0 m =2.6 μ B , and =0.28. Two things should be noted. First, we used the data taken at around 7 K for which we have data points for all three samples as shown in Fig. 5 . Second, the parameter  is a fitting parameter in our analysis, not to be confused with any critical exponent. Using the formula, we calculated a theoretical curve (solid line in Fig. 6 ) to find that this theoretical curve describes quite well the reduction of the magnetic transition temperature found in Li 2 (Mn,Ti)O 3 . We note that all these observations are made in a system with the same magnetic structure down to the critical concentration.
Finally, we would like to comment that with doping the ratio of J 2 /J 1 in Li 2 MnO 3 effectively becomes larger because of the smaller number of nearest neighbors, thus bringing Li 2 (Mn,Ti)O 3 closer to a magnetic instability as seen in Bi 3 Mn 4 O 12 (NO 3 ). This observation then opens an interesting opportunity of tuning the magnetic phase transition near the critical composition by pressure and exploring a possibly quantum critical state for the honeycomb lattice, which is yet an untested ground.
In conclusion, we investigated the physical properties of Li 2 Mn 1-x Ti x O 3 solid solution system to find that the magnetic structure of Li 2 MnO 3 remains unchanged upon Ti doping although the antiferromagnetic transition temperature is continuously suppressed with the critical composition of x c =0.7. All our experimental observations are in good agreement with the percolation theories for the J 1 -J 2 -J 3 model. This study of the full compositional phase space with a honeycomb lattice offers rare insights into the percolation effects of the honeycomb lattice. 
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